The 2.5 A resolution structure of a cocrystal containing the paired domain from the Drosophila paired (prd) protein and a 15 bp site shows structually independent N-terminal and C-terminal subdomains. Each of these domains contains a helical region resembling the homeodomain and the Hin recombinase. The N-terminal domain makes extensive DNA contacts, using a novel 13 turn motif that binds in the minor groove and a helixturn-helix unit with a docking arrangement surprisingly similar to that of the ;~ repressor. The C-terminal domain is not essential for prd binding and does not contact the optimized site. All known developmental missense mutations in the paired box of mammalian Pax genes map to the N-terminal subdomain, and most of them are found at the protein-DNA interface.
Introduction
The paired domain is a conserved DNA-binding domain (Treisman et al., 1991; Chalepakis et al., 1991) found in a set of transcription factors (Pax proteins, Figure 1 a) that play important roles in development (Gruss and Walther, 1992) . This 128 amino acid domain was first identified in the Drosophila paired Cord) and gooseberry genes (Bopp et al., 1986) and often is found in association with a homeodomain (Walther et al., 1991) . Numerous paired domain proteins are known, and nine PAX genes have been identified in the human genome (Walther et al., 1991 ; Stapleton et al., 1993; Wallin et al., 1993; Figure la) . A number of murine and human developmental mutants are known to have alterations in specific Pax genes, and several of these involve missense mutations in the paired domain (reviewed by Gruss and Walther, 1992; Strachan and Read, 1994; Figure 1 b) . Mutations in the human PAX3 and PAX6 genes cause Waardenburg's syndrome (Tassabehji et al., 1992; Baldwin et al., 1992) and aniridia Hill et al., 1991 ; Glaser et al., 1992) , respectively. The Pax genes also appear to have oncogenic potential: overexpression of Pax genes can lead to transformation in cell culture and in vivo, and this oncogenic potential is dependent on the presence of a functional paired domain (Maulbecker and Gruss, 1993) . A chromosomal translocation of PAX3 is implicated in the generation of a myosarcoma Galili et al., 1993; Shapiro et al., 1993) .
Only a few of the physiological targets of the Pax proteins have been identified (Czerny et al., 1993) , but optimal binding sites have been selected from randomized DNA for the paired domains of prd, Pax-2, Pax-6, and Pax-8 ( Figure lc ; Epstein et al., 1994a; S. J. and C. D., unpublished data) , and it has been shown that these sites can mediate transactivation in cell culture assays. These optimized binding sites, which share a common core sequence, are relatively long (13-20 bp), but they appear to be recognized by monomers of the paired domain (Treisman et al., 1991; Chalepakis et al., 1991; Czerny et al., 1993; Epstein et al., 1994a) . Genetic and biochemical studies have indicated that the 128 amino acid paired domain has a bipartite structure and that the N-and C-terminal subdomains bind to distinct regions of the DNA consensus sites defined for the Pax-5 and Pax-6 proteins (Czerny et al., 1993; Epstein et al., 1994a) .
To understand the role of the paired domain in DNA recognition and gene regulation, we have crystallized and solved the structure of a complex that contains the paired domain from the Drosophila paired (prd) protein with a 15 bp duplex containing an optimized binding site (Figure ld) . The structure of this complex reveals how a 13 turn can be used for minor groove recognition, gives important new information about the docking of helix-turn-helix (HTH) units, and provides a structural basis for understanding PAX developmental mutants.
Results and Discussion
Overall Arrangement of the Paired Domain-DNA Complex The cocrystal structure shows that the paired domain actually includes two structurally independent globular domains ( Figure 2 ). The N-terminal domain contains the following: a short region of antiparalle113 sheet followed by a type II 13 turn; three ~ helices with a fold that resembles the homeodomain and the Hin recombinase; and an extended C-terminal tail. The C-terminal domain is somewhat smaller. It contains three ~ helices, and this helical unit also has a fold resembling the homeodomain and the Hin recombinase.
The binding site chosen for the crystallographic studies ( Figure ld ) was defined by using in vitro selection and amplification of randomized DNA sequences (Figure lc ; S. J. and C. D., unpublished data), and it is very similar to the optimized sites defined for other paired domains. The crystal structure shows that the N-terminal region of the paired domain makes extensive contacts with this 15 bp optimized binding site, and several different secondary structures participate in recognition. A 13 sheet (residues 4-6 and 10-12) grips the sugar phosphate backbone of the DNA, and this is immediately followed by a 13 turn that makes critical base contacts in the minor groove (residues 13-16, ~2 in Figure la; Figures 2 and 3 (Walther et ai., 1991 ; Stapleton et al., 1993) . Dashes indicate the same amino acid as prd, and dots indicate gaps in the sequence. The numbering corresponds to that of the prd paired domain• The protein used in our crystallographic study contains the whole prd paired domain and four additional residues (Gly-Ser-His-Met) on the N-terminal end that were introduced from the expression vector. Invariant residues found in all paired domains are shown below the set of sequences. DNA contacts are indicated on the last two lines, with the first line used to indicate contacts with the sugar phosphate backbone (p), and the second line used to indicate base contacts (M, major groove contact; m, minor groove contact).
(b) Missense mutations in paired domains that are associated with developmental abnormalities in mice and in humans (Tassabehji et al., 1992 (Tassabehji et al., , 1993 Baldwin et al•, 1992; Bailing et al., 1988; Hoth et al., 1993; Tassabehji et al., 1993; Hanson et al., 1994; Vogan et al., 1993) . The tilde symbols denote residues different from prd to PAX3, or PAX6, or pax-1. Only partial sequences are shown, since all known missense mutations of the paired domains map to this region. (c) DNA-binding sites of paired domains. Consensus binding sites for the paired domains of prd, Pax-2, and Pax-6 were deduced from in vitro selection and amplification experiments (Epstein et al., 1994a ; S• J. and C. D., unpublished data)• That of Pax.5 was deduced from alignment of functional promotor sequences (Czerny et al., 1993) • The numbering scheme corresponds to that used in Figure in the major groove (Figures 2 and 4) . The C-terminal tail (residues 65-72) of this domain also makes minor groove contacts near those made by the 13 turn (Figure 2 ).
There is a short linker (residues 73-78) between the N-terminal and C-terminal domains; the structure shows no protein-protein contacts between these globular domains. The C-terminal domain does not make any DNA contacts with our optimized binding site (see below for discussion), and all of the known missense mutations in the paired domains map to this N-terminal subdomain. However, biochemical studies suggest that the C-terminal domain may have a significant role in the DNA binding of other paired domains such as Pax-5 and Pax-6. The structure of the C-terminal domain and similarities with the Hin recombinase suggest how the C-terminal domain may contact DNA in those other systems•
Minor Groove Contacts from the p Turn
The N-terminal portion of the paired domain contains a type II/3 turn that fits directly into the minor groove of the DNA (Figure 3) . The primary sequence of this region is conserved in the Pax proteins, and several of the known Pax developmental mutations map to this 15 turn. In the prd paired domain, this critical turn includes Ile-13, Asn-14, Gly-15, and Arg-16, and this turn contacts base pairs 9-11 of the binding site (Figures 2, 3 , and 5). Contacts made by the 13 turn include the following: a hydrogen bond between the Asn-14 side chain and the N2 of the guanine at base pair 9; van der Waals contacts between Gly-15 and the cytosine at base pair 9; a hydrogen bond between the carbonyl oxygen of Gly-15 and the N2 of the guanine at base pair 10; van der Waals contacts between Arg-16 and the sugar phosphate backbone; and a water-mediated contact between Arg-16 and the 02 of the thymine at base pair 11 (Figures 3 and 5) .
The docking of this 13 turn appears to be stabilized by protein-protein and protein-DNA contacts from flanking regions. Thus, a short antiparalle113 sheet (residues 4-6 and 10-12) contacts one strand of the DNA backbone, and the loop between the two strands of this 13 sheet (residue 6-1 O) interacts with residues 40, 44, and 45 in the HTH unit (Figu re 2B). The docking of the/3 turn also is constrained by Pro-17, Leu-18, and Pro-19, which interact with the DNA backbone. Finally, we note that the 13 turn and the 13 sheet 
Major Groove Contacts by the N-Terminal HTH Motif
The helical portion of the N-terminal domain, which begins just a few residues after this critical 13 turn, contains three c~ helices (residues 20-32, 37-43, and 47-60) . This helical unit has a fold that superimposes well on the homeodomain and on the Hin recombinase: helix 1 and helix 2 pack against each other in an antiparallel arrangement and are roughly perpendicular to helix 3. Helix 3, the "recognition helix," fits directly into the major groove, and side chains from this helix contact base pairs 4-8 of the binding site ( Figures 2, 4 , and 5). Ser-46, which is the residue immediately preceding this ~ helix, makes van der Waals contacts with the thymine at base pair 7. His-47, which is the first residue in the recognition helix, forms a hydrogen bond with the guanine at base pair 4. Continuing along helix 3, we see that Gly-48 and Ser-51 make van der Waals contacts with the methyl group of the thymine at base pair 5. Similarly, Cys-49 contacts the methyl of the thymine at base pair 7. Lys-52 contacts two phosphates and the N7 of guanine at base pair 8 (Figure 4 ). There are several well-ordered water molecules at the protein-DNA interface, and these also may play a role in recognition. This helical unit also makes extensive contacts with the sugar phosphate backbones (Figure 4) . Helix 1, which runs across the major groove, contributes a phosphate contact from Arg-23, but this helix is too far from the DNA to make any other contacts. Additional backbone contacts are made by Arg-35 and Pro-36, which are in the turn between helices 
C-Terminal Tail from the N-Terminal Domain Binds in the Minor Groove
The N-terminal domain has a C-terminai tail (residues 65-72) that binds in the minor groove. Conserved residues at the end of helix 3 help fix the position of the extended The protein is in yellow, the DNA in red, and the electron density is shown in blue. The map is contoured at 1.8 rms above the average electron density.
polypeptide chain. Thr-60 (which is found in all paired domains) helps cap helix 3, and this is followed by an invariant Gly. Residue 63, which is always an lie or a Leu, anchors the tail in a hydrophobic pocket. In addition, the backbone carbonyl of this residue forms a hydrogen bond with the side chain of the invariant Arg-23 residue, and this directs the polypeptide strand toward the minor groove.
Residues 65-67 run parallel to, and make contacts with, one strand of the DNA backbone. Residues 68-72, which are invariant in all paired domains, fit directly into the minor groove. In particular, Ile-68 makes hydrophobic contacts with Pro-17 and turns the polypeptide chain toward the bottom of the minor groove. While the precise interactions are not clear in this region, Gly-69, Gly-70, and Ser-71 run along the minor groove of base pairs 12-14. The subsequent region (residues 73-78), which links the N-terminal and C-terminal domains, is visible in our electron density map, but these residues are not well ordered.
Structure of the C-Terminal Domain
The C-terminal domain, like the N-terminal domain, contains three a helices (residues 79-88, 96-106, and 117-124) and has a fold that closely resembles that of the homeodomain and the Hin recombinase. However, this C-terminal domain does not contact the optimized binding site used for cocrystallization. This region also appears more flexible and/or disordered than the N-terminal domain, presumably because it is not constrained by DNA contacts or by extensive crystal packing contacts.
The C-terminal domain includes helices 4-6, with helices 5 and 6 resembling a HTH unit. This C-terminal domain can be superimposed reasonably well on the engrailed homeodomain (root-mean-square [rms] distance = 1.73 • ~, for 30 Ca's), the Hin recombinase (rms distance = 1.79 ,~ for 31 Ca's), and the N-term inal domain of paired domain (rms distance = 1.67,~ for 31 Ca's in the helical regions). However, in comparison with these other proteins, the C-terminal domain of paired has longer "loops" or "turns" between the helices (Figures 1 a and 2A ). There are seven residues in the turn between helices 4 and 5, and there are ten residues in the loop between helices 5 and 6.
DNA Conformation
Analyzing the DNA structure with the program of Lavery and Sklenar (Lavery and Sklenar, 1988; Ravishanker et al., 1989) shows that the overall structure of the paired binding site corresponds to that expected for B-DNA. It has an average helical twist of 34.4 ° (10.5 bp per turn) and an average rise of 3.4 P, per base pair. It has been suggested that paired domains bend DNA when binding their specific DNA sites (Chalepakis et al., 1994) , and we see a 20 ° bend in the region in which the 13 turn fits into the minor groove ( Figure 3A) . The localized bend involves a large roll between base pairs 8 and 9, and this may help to accommodate the conserved Phe-12 side chain in the minor groove. There also are interesting variations in groove width. The minor groove is widened in the region recognized by the C-terminal tail (residues 65-72). Most of the major groove has a relatively normal width (-12 ,~,), but it is surprisingly narrow (8.8-9.9 h.) in the region in which helix 3 binds.
Structural Basis of Pax Developmental Mutants
The structure reported here is consistent with all of the biochemical data that is available about paired domain-DNA interactions and provides a clear structural basis for understanding missense mutations that result in developmental abnormalities. Biochemical and genetic studies had correctly anticipated that the paired domain would have discrete N-terminal and C-terminal subdomains (Czemy et al., 1993; Epstein et al., 1994b) . Several studies had indicated that the N-terminal domain provided the most important contacts and actually was sufficient for DNA binding (Treisman et al., 1991; Chalepakis et al., 1991; Czemy et al., 1993) . Noting the location of conserved residues and the similarities in the optimized binding sites makes it clear that the structure and DNA docking of the N-terminal domain is highly conserved in the Pax family. Comparing the structure with the available sequence data shows that all of the hydrophobic contacts that stabilize the protein and all but one of the DNA contacts are made by residues that are absolutely conserved among all paired domains (Figure la) . Position 47 is the only variable residue at the protein-DNA interface, but changes at this position correlate with known differences in the optimal binding sites. His-47 recognizes a guanine in prd, Pax-2, Pax-5, or Pax-8 (Czerny et al., 1993; Epstein et al., 1994a ; S. J. and C. D., unpublished data), while Pax-6 has an Ash at residue 47 and prefers a thymine at the corresponding position in the binding site (Epstein et al., 1994a ; Figure lc) . Thus, it appears that residue 47 plays an important role in the differential specificity of the Pax proteins.
There also is a remarkable correlation between the observed DNA contacts and the location of missense mutations that result in developmental abnormalities in mice and humans. The mouse developmental mutant undu-/ated, which exhibits malformations in the vertebral column, has a missense mutation (Gly-15~Ser) (Bailing et al., 1988) in the ~ turn that contacts the minor groove. Biochemical studies have shown that this mutation dramatically reduces the DNA binding affinity of the Pax-1 protein (Chalepakis et al., 1991) , and this Ser also disrupts DNA binding when inserted into the prd protein (Treisman et al., 1991) . The structure shows that this residue lies at the bottom of the minor groove and is too close to accommodate any side chain other than a Gly. Introducing a Gly~Ser mutation would require the backbone to move and would disrupt other contacts that the 13 turn makes in the minor groove. Several of the PAX3 point mutations found in Waardenburg's syndrome patients (Asn-14~His; Pro-17~Leu; Figure lb) (Baldwin et al., 1992; Hoth et al., 1993 ) also are located in or near this 13 turn and further emphasize the importance of the contacts made by the turn. Several other missense mutations map to the N-terminal helical unit, and the structure also provides a basis for understanding these mutants. For example, one form of Waardenburg's syndrome involves a Gly-48~Ala muta-tion (WS .15; Figure lc) (Tassabehji et al., 1993) , and it appears that introducing an Ala at this position would give unfavorable van der Waals contacts or disrupt the docking of the HTH unit on the DNA. Two other mutations (Peters' of PAX6 and Bu35 of PAX-3, Figure lb) (Hoth et al., 1993; Hanson et al., 1994) change the conserved Arg-23 residue that normally contacts both the phosphate backbone and the main chain carbonyl of residue 63. Obviously, introducing Gly or Leu at position 23 would disrupt these contacts. When considering the Pax missense mutations, it is interesting to note that almost all involve changes in residues that contact the DNA (Figure lb) . A priori, it would have seemed possible that many of the mutations would disrupt folding (many other Pax mutations involve frameshifts or large deletions), but the missense mutations clearly cluster at the protein-DNA interface. It also is interesting that all the missense mutations map to the N-terminal domain, again indicating that this domain has a very important role in recognition and regulation.
Role of the C-Terminal Domain
The C-terminal domain does not make any DNA contacts in the cocrystal structure, and all the available data suggest that this domain is not essential for the Drosophila prd protein. Thus, we note the following. First, the DNA site used for cocrystallization includes all the conserved bases in the optimized binding site. Binding site selections, repeated after the crystal structure was known, were unable to find any sequence preferences outside of the original consensus site we had used for cocrystallization (S. J. and C. D., unpublished data). Second, methylation interference experiments, using our consensus site embedded in a larger DNA fragment, do not give any evidence of contacts with neighboring bases (S. J. and C. D., unpublished data). Third, previous studies had indicated that the first 80 residues of the prd paired domain were sufficient for site-specific DNA binding (Treisman et al., 1991) . Fourth, experiments in Drosophila using an ectopic expression assay demonstrated that the C-terminal domain of prd does not have an essential role in vivo: the prd protein can still function in vivo when the C-terminal portion of the prd paired domain is deleted (Cai et al., 1994) . Fifth, a deletion of the C-terminal domain from the prd paired domain has been shown to have little effect on prd function: prd mutant flies can be rescued to viability with aprd transgene lacking the C-terminal domain, but exhibit a complete prd mutant phenotype when the N-terminal domain is disrupted by G15S (undulated) mutation (Bertuccioil et al., unpublished data).
Although the C-terminal domain is not required for the prd paired protein, there are other Pax proteins in which the C-terminal domain clearly plays an important role in site-specific recognition (Czerny et al., 1993; Epstein et al., 1994a Epstein et al., , 1994b . (In considering these differences, one should note that the sequence of the C-terminal domain is significantly less well conserved than the sequence of the N-terminal domain [ Figure la] .) In the case of the Pax-5 protein, interactions between the C-terminal domain and the DNA were demonstrated by methylation interference analysis and by in vitro mutagenesis of both the paired domain and its binding site (Czerny et al., 1993) . It has also been shown that Pax-6 gives a26 bp DNase I footprint (Epstein et al., 1994a) . Finally, studies of a PAX6 splicing variant PAX6-5a also have shown that the C-terminal domain can, after disruption of the N-terminal domain, recognize a distinct set of binding sites (Epstein et al., 1994b) .
The structure of the C-terminal domain, which resembles the helical portion of the N-terminal domain, the homeodomain, and the Hin recombinase, certainly is consistent with its having a role in DNA recognition. Helices 5 and 6 form a HTH unit that other Pax proteins may use for DNA binding. The rather long "turn" between helices 5 and 6 may not be a problem, since studies of other HTH Figure 7 . Model Indicating How the C-Terminal Domain of Pax-5 and Pax-6 May Contact DNA The N-terminal domain (shown in purple) binds as observed in our crystal structure. Our model for the overall docking arrangement of the C-terminal region (shown in red) is based on sequence and structural homology with the Hin recombinase. Two regions of sequence homology suggested this model. One, the linker between the two domains of prd (residues 70-77, GSKPRIA'r) is similar to the N-terminal arm of the Hin recombinase (residues 139-145, GRPRAIT). Since the N-terminal arm of Hin binds in the minor groove, we used it as a guide when modeling residues 71-78 of the paired linker. Two, sequence homology between the recognition helix of Hin (residues 173-179, VSTLYR) and the helix 6 region of VSSINR) suggests that these helices may have similar binding modes, and the Hin complex was used as a guide for docking residues 79-124 from prd. The base pairs in the corresponding region of the optimized site recognized by Pax-6 (Epstein et al.,1994a ; base pairs 16-20 of Figure  lc) are highlighted in gray.
domains have shown that large insertions can be tolerated in the "turn" between the helices (Klemm et al., 1994; Brennan, 1993; Finney, 1990) . It also seems plausible that the last four residues of the paired domain (residues 125-128), which are disordered in our electron density maps, may become ordered upon DNA binding (or may be ordered in the context of the full-length protein) and, thus, may extend the recognition helix. There are numerous examples, including the recognition helices of some homeodomains, in which such disorder-*order transitions are coupled with DNA recognition (Qian et al., 1994; Spolar and Record, 1994) . Although genetic and biochemical data indicate that the C-terminal portion of the prd paired domain does not make any critical contacts with the DNA, our structure allows us to predict how the C-terminal domain of Pax-5 and Pax-6 may contact the DNA ( Figure 7 ). As explained in the legend of Figure 7 , this model is based on the following: structural similarities between the C-terminal domain of the prd protein and the Hin recombinase; the amino acid sequence similarities between Hin and those members of the Pax family that use the C-terminal domain in DNA recognition; and modeling constraints imposed by the length of the linker and by the position of the additional base pairs recognized by Pax-5 and Pax-6. In our model (Figure 7) , the C-terminal domain of paired binds like Hin, and there is an approximate twofold axis relating the N-terminal and C-terminal subdomains. The linker between the subdomains lies in the minor groove, thus extending the minor groove contacts seen in the cocrystal structure. The recognition helix of the C-terminal domain (helix 6) bind in the major groove and is positioned to interact with base pairs 16-20 of the optimized binding sites for Pax-5 and Pax-6.
The I~ Turn DNA-Binding Motif J
Previous studies of protein-DNA complexes have shown how a helices, 13 sheets, and regions of extended peptide chain can be used for site-specific recognition of DNA. This is the first structur~e to show how a 13 turn can play a critical role in protein-DNA recognition. In the paired domain, the 13 turn (which is rigidly anchored by neighboring regions of the protein) reaches into the minor groove of the DNA to form direct base-specific hydrogen bonds with guanines 9 and 10, and a water-mediated contact with thymine 11. (It also is interesting to note, as discussed above, that there is a 20 ° bend in the region contacted by this 13 turn.) All paired domains studied show a strong preference for guanine at position 9 and for a cytosine or guanine at position 10 (Epstein et al., 1994a; Czerny et al., 1993 ; S. J. and C. D., unpublished data; Figure lc) . The structure provides an explanation for this specificity: the side chain of the conserved Asn-14 forms a hydrogen bond with the 2-amino group of guanine 9, and the main chain carbonyl of Gly-15 forms a hydrogen bond with the 2-amino group of guanine 10 ( Figure 3B ). The hydrogen bond contact with the 2-amino group can readily distinguish guanine from adenine and thymine, which do not have hydrogen bond donors in the minor groove. In Pax-5, a point mutation changing guanine to thymine at position 10 of its binding site decreases the binding affinity by about 40-fold, the largest observed affinity loss in the binding site saturation mutagenesis experiment (Czerny et al., 1993) . Cytosine is allowed at position 10 since the GC---,CG change only gives small directional and positional differences in the hydrogen bond with the 2-amino group (Seeman et al., 1976) . The biological importance of the 13 turn/DNA contacts is well demonstrated by the clustering of Pax point mutations in and adjacent to the 13 turn (Figure lb) . The I~ unit that precedes the N-terminal HTH unit of paired domain and the C-terminal tail that follows are critical for recognition (Treisman et al., 1991; Chalepakis et al., 1991; Czerny et al., 1993) . Several other HTH proteins use flanking regions to contact the minor groove. Specifically, the position of the critical 13 turn in the paired domain corresponds with the position of the N-terminal arm in the engrailed homeodomain (Kissinger et al., 1990) ; the Hin recombinase has both an N-terminal arm and a C-terminal tail that contact the DNA (Feng et al., 1994) ; and the helical region of HN F3 also has flanking [3 units (Clark et al., 1993) . However, comparison of these 13 units reveals that the structures and DNA contacts of these other proteins are significantly different, and the paired domain provides the first example of how a 13 turn can be used for minor groove recognition of DNA. (The closest analog may involve a 13 turn in glutaminyl-tRNA synthetase that interacts with the minor groove of tRNA. This also has a hydrogen bond between a carbonyl oxygen from the protein backbone and the 2-amino of a guanine [Rould et al., 1989] ).
Paired Folds like a Homeodomain but Docks on DNA like )~ Repressor
The overall fold of both the N-and C-terminal helical regions of paired resembles the fold of the homeodomain (Kissinger et al., 1990; Qian et al., 1989) and is remarkably similar to the fold of the Hin recombinase (Feng et al., 1994) . In comparing the N-terminal region of the paired domain with these other proteins, we find that helices 1, 2, and 3 of the paired domain can be superimposed on the engrailed homeodomain with an rms distance of 1.71 h, for 43 C~'s (with two gaps) and can be superimposed on the Hin recombinase with an rms distance of 1.28 .~, for 38 contiguous C~'s.
The homeodomain and the ;~ repressor have been shown to bind their DNA sites in fundamentally different ways (Kissinger et al., 1990; Otting et al., 1990) .'Residues near the N-terminal end of the recognition helix make critical contacts in the ;~ repressor-operator complex, while the critical residues in homeodomain-DNA complexes are near the center of an extended recognition helix (Jordan and Pabo, 1988; Qian et al., 1989; Kissinger et al., 1990; Wolberger et al., 1991; Klemm et al., 1994; Figure 8 ). The paired domain provides an interesting "missing link" in these comparisons. The docking of the paired HTH unit is distinctly different from the homeodomain, but is surprisingly similar to that of Hin and the X repressor (Figure 8 ). Like the X repressor, the first helix of the paired domain HTH unit (helix 2) fits partway into the DNA major groove, and the N-terminal end of this helix contacts the sugar phosphate backbone of the DNA. It appears that the length Complexes were aligned by superimposing 18 C~'s common to all the HTH units, and therefore, the docking arrangements can be compared by comparing the position of the corresponding DNA duplexes. The docking arrangement for the paired N-terminal domain (purple) is quite similar to that of the X repressor and the Hin recombinase (both are in blue). Docking arrangements for the engraiied and a2 homeodomains (both in red) appear to define a separate class of docking arrangements. (Note: differences in the lengths of the helices are not apparent in this figure, since we only show residues that are common to the set of helical units.) of helix 2 may be particularly important in distinguishing the alternative docking arrangement seen with the homeodomains: homeodomains have several additional residues at the N-terminus of helix 2, and these would collide with the DNA backbone if the HTH unit docked in the same way as ;L, Hin, and prd. Curiously, helix 3 of paired domain (the "recognition helix") fits more deeply into the major groove than do other known recognition helices, and the Gly at position 48 facilitates this close approach. The paired structure helps us understand these family/subfamily relationships, and superimposing the complexes in this way (Figure 8 ) highlights the differences in the way that the HTH units are used.
Conclusions
The crystal structure, in conjunction with the available biochemical and genetic data, reveals the key features of paired domain-DNA interactions and provides a structural basis for understanding the known Pax developmental mutants. In particular, we conclude the following.
The paired domain contains two structurally independent, globular su bdomains. The N-terminal domain is most highly conserved and makes very important contacts with the DNA. A 13 turn near the start of this domain makes critical contacts in the minor groove, and a HTH unit makes critical contacts in the major groove.
The structure and contacts of this N-terminal domain are relevant for understanding the entire family of Pax proteins. Residues that form the hydrophobic interior and residues that contact the DNA are remarkably conserved. All of the known point mutations mapping to the paired domain involve changes in the N-terminal subdomain, and most of these change critical residues at the protein-DNA interface.
For this particular protein, the prd paired domain, the genetic and biochemical data indicate that the C-terminal domain does not play any essential role in DNA recognition. The structure is consistent with these observations, as the N-terminal domain makes all of the contacts with the optimized binding site. However, the structure of the C-terminal domain and the way that it is tethered to the rest of the complex suggest how this domain may be used to contact the DNA in other paired domain-DNA complexes. In particular, sequence similarities and structural homology suggest that the C-terminal domain may also dock like Hin, giving an overall paired domain/DNA complex with an approximate twofold axis relating the N-terminal and C-terminal domains in the complex.
Further crystallographic studies will be needed to understand the precise role of the C-terminal domain in other complexes, but this cocrystal structure provides a firm basis for understanding the fundamental principles of paired domain-DNA interactions and for understanding the known Pax developmental mutations.
Experimental Procedures
A plasmid expression vector with an N-terminal polyhistidine tag, pET14bprdPDB (S. J. and C. D., unpublished data), was used to express the Drosophila prd paired domain in Escherichia coli strain BL21(DE3). Cells were grown at 37°C and were induced with 0.4 mM isopropyl-~-D-thiogalactoside (IPTG) when they reached OD~ = 0.8. Cells were harvested 3 hr after induction, washed with prechilled phosphate-buffered saline buffer, frozen in a dry ice/ethanol bath, and stored at -80°C. Sonication was carried out in a buffer containing 25 mM HEPES (pH 7.6), 0.1 M KCI, 0.1% NP-40, 0.3 mg/ml lysozyme, 7 mM 2-mercaptoethanol, 1 ~g/ml aprotinin, 1 p.g/ml pepstatin, 1 I~g/ ml benzamidine, and 1 Ilg/ml sodium metabisulfite. The cell lysate was diluted with solution A (25 mM HEPES [pH 7.9], 0.1 M NaCI, 5 mM MgCI2, 15% glycerol, 0.1% NP-40, 7 mM 2-mercaptoethanol) and loaded onto a Ni-NTA column (Novagen). The column was extensively washed with 8 mM imidazole (pH 8.0) in solution A and then with 40 mM imidazole in solution A; the prd paired domain was eluted with 100 mM imidazole in solution A. The eluted protein was treated with 0.25 U/p.I thrombin at 30°C for 15-20 hr to remove the N-terminal polyhistidine tag, and the reaction was stopped by adding 1 mM PMSF to the solution. The prd paired domain was purified with a Mono S column (Pharmacia), using a gradient of 0.3-0.7 M NaCI in 40 mM phosphate buffer (pH 6.6), containing 1 mM D-I-I'. The purified protein gave a single band on an overloaded SDS gel in the absence of reductant. The protein used for crystallization was further purified by gel filtration and by reverse phase HPLC and then was iyophilized and stored at-80°C. The chemical homogeneity and identity of the purified prd paired domain was further confirmed by N-terminal sequencing, amino acid analysis, mass spectrometry, and gel shift experiments. DNA oligonucleotides used for crystallization were purified as described elsewhere (Klemm et al., 1994) .
Preliminary studies revealed that the solubility of the prd paired domain-DNA complex was very sensitive to ionic strength. Crystals with the DNA oligo shown in Figure ld were grown by the evaporation of volatile salts from the hanging drops. Drops initially contained 0.49 mM prd paired domain, 0.62 mM of the DNA duplex, 0.15-0.2 M ammonium acetate (pH 7.0), 10 mM bis-tris-propane (pH 7.0), 10 mM MgCI2, 0.1 mM EDTA, 5 mM DTT, and 5% PEG 1000, and these drops were equilibrated against a reservoir containing 10% PEG 1000 and 5 mM DTT. Crystals grew in 4-5 days, but there appeared to be gradual changes in the cell dimensions, and crystals were allowed to "age" for about 2 weeks before being used for data collection.
Cocrystals diffracting to 2.5,~ resolution grow in orthorhom bic space group P212~2~, with a = 39.6 A, b = 68.6 A, c = 100.5 A. Data were collected at room temperature on an R-Axis image plate system and were reduced using DENZO and SCALEPACK (Z. Otwinowski, personal communication) . Derivative data sets were local scaled to the native data set using MAXSCALE (M. A. R.), and heavy atom sites were determined with the program HASSP (Terwilliger et al., 1987) . Refinement of heavy atom parameters was carried out using REFINE from CCP4 (The SERC Collaborative Computing Project No.4, a Suite of Programs for Protein Crystallography [Distributed from Daresbury Laboratory, Warrington, England]), followed by cross-phased refinement using PHARE (CCP4). The initial MIR map (mean figure of merit, 0.59) was solvent flattened (Wang, 1985) , and the heavy atom parameters were then refined using these solvent flattened phases (Rould et al., 1992) . The new MIR map (mean figure of merit, 0.71) was subject to another round of solvent flattening to give the final electron density map ( Figure 6 , mean figure of merit, 0.79). All of the DNA was clearly resolved in this map, as were almost all the side chains and main chain carbonyl groups of the N-terminal domain of the protein ( Figure  6 ). The electron density for the C-terminal domain was not as good (it is packed less rigidly in the crystal), but about half of the side chains of this globular subdomain were clear. The initial model was built using TOM FRODO (M. Israel, A. J. Chirino, and C. M. Cambillau, personal communication) and subject to multiple rounds of positional refinement (BdJnger, 1992a) and manual adjustment. Refinement was monitored by following the free R factor to avoid overbuilding (BrCmger, 1992b). Designations for the derivative data sets indicate the base(s) at which 5-1odo-uracil was substituted for thymine. Free R factor = ~.llFob, I -IF~oll / ~.lFobsl, for a 10o/o subset of all reflections that were never used in crystallographic refinement (Brenger, 1992b) . R factor = same as free R factor, but only for the remaining 90% of the reflections used in crystallographic refinement (Br(Jnger, 1992b) . Ideal stereochemical parameters for protein refinement are from Engh and Huber (1991) ; for DNA, ideal parameters are from PARAM11X.-DNA of the standard XPLOR library (Br0nger, 1992a).
In later stages of refinement, tightly restrained individual B factors were used. Local scaling of the observed and calculated structure factors (using a minimum neighborhood of 100 reflections and excluding the reflection being scaled) was also done to correct for absorption and anisotropic diffraction. In the final cycle, 16 water molecules were included in the model. All of the key contacts and the key features of the complex were confirmed by checking simulated annealing omit maps (Hodel et al., 1992) . About 300/o of the side chains of the C-terminal domain could not be built with confidence and were modeled as Ala's; the first 5 and last 4 residues of the polypeptide also were omitted. (A few of these N-terminal residues were ones introduced during cloning, and thus our model includes residues 2-124 of the paired domain.) Our current model has an R factor of 23.4% and a free R factor of 28.4% with good stereochemistry (Table 1 ). All ~ and angles, except for residues 78 (in the linker) and 91 (in an extended loop), are in allowed regions of the Ramachandran plot.
are being processed, interested scientists may obtain a set of coordinates by sending an e-mail message to pabo@pabol.mit.edu.
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